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(57) ABSTRACT

The present invention relates to process for crosslinking an
arylene oxide polymer comprising a 3-pyridyl and/or a 4-py-
ridyl group, wherein the polymer is reacted with a compound
according to Formula (1) or a compound according to For-
mula (2), wherein R', R R® and R* are independently
selected from the group consisting of hydrogen, halogen,
hydroxy and cyano. The crosslinked arylene oxide polymer
can be used as a membrane, in particular a proton conducting
membrane.
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PROCESS FOR CROSSLINKING A POLYMER
COMPRISING PYRIDYL GROUPS

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a National Stage of International
Application No. PCT/NIL.2012/050703 filed on Oct. 10,2012,
which claims the benefit of European Patent Application No.
11184901 .4 filed Oct. 12, 2011, and which claims the benefit
of U.S. Appin No. 61/546,145, filed Oct. 12,2011, the entire
disclosures of which are incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to a process for crosslinking
a polymer comprising pyridyl groups. The present invention
further relates to crosslinked polymers obtainable according
to this process and to membranes and ionic resins comprising
these crosslinked polymers.

BACKGROUND OF THE INVENTION

Polymers comprising pyridyl groups have many applica-
tions, based on their basicity. When used in ion exchanging
membranes or ion conducting membranes, these polymers
must have a relatively rigid structure.

For example, it is known in the art to prepare crosslinked
polymers comprising pyridyl groups by copolymerising
polyvinylpyridine in the presence of divinyl monomers such
as divinyl benzene. If more intricate shapes of the crosslinked
polymers are desired, e.g. in films, shaping of the polymer
must precede crosslinking. Very often linear poly(4-pyri-
dine)s are then employed which are first formed into a film by
e.g. casting and then crosslinked. In such a process, it is
highly desirable that the crosslinking agent can mixed homo-
geneously into the polymer mass (melt or solution) to ensure
a high homogeneity in the final product.

U.S. Pat. No. 3,770,666, incorporated by reference, dis-
closes crosslinking of a copolymer of vinyl alcohol and 4-vi-
nylpyridine via hydroxy groups by using chlorinated polyeth-
ylene oxide.

U.S. Pat. No. 4,474,869, incorporated by reference, dis-
closes crosslinking of polyvinylpyridines by electron beam,
ion beam or x-ray irradiation.

Hallensleben, Eur. Pol. J., 7, 1197-1203, 1971, incorpo-
rated by reference, discloses that the reaction of poly(4-vi-
nylpyridine) with 2,3,5,6-tetrachlorocyclohexa-2,5-diene-1,
4-dione (chloranil) or 2,3-dichloro-5,6-dicyano-
cyclohexadiene-2,5-diene-1,4-dione (DDQ) produces black,
insoluble products, whereas the reaction of poly(4-vinylpy-
ridine) with tetracyanoethene produces an electron-donor-
acceptor complex that is soluble in polar, aprotic solvents
such as DMF and DMSO. It is suggested that tetracyanoet-
hene is capable of reversibly crosslinking poly(4-vinylpyri-
dine).

L. E. Bromberg and M. G. Goldfield, J. Phys. Chem. B,
101, 966-970, 1997, incorporated by reference, disclose elec-
tron transfer reactions between poly(4-vinylpyridine)/divinyl
benzene gels and various quinone derivatives which result
into the formation of additional crosslinks within the gels.
The quinone derivatives investigated were 2,3,5,6-tetrachlo-
rocyclohexa-2,5-diene-1,4-dione (chloranil), 2,3-dichloro-5,
6-dicyano-cyclo-hexadiene-2,5-diene-1,4-dione (DDQ) and
7,7,8,8-tetracyanoquinodimethane.

10

15

20

25

30

35

40

45

50

55

60

65

2
WO 2009/096786, incorporated by reference, discloses
novel phenol compounds and (co)polymers comprising these
novel phenol compounds.
Accordingly, there is a need in the art for a process for
crosslinking polymer comprising 3-pyridyl and/or 4-pyridyl
groups.

SUMMARY OF THE INVENTION

The present invention relates to a process for crosslinking
an arylene oxide polymer comprising a 3-pyridyl and/or a
4-pyridyl group, wherein the polymer is reacted with a com-
pound according to Formula (1) or a compound according to
Formula (2):
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wherein R*, R%, R? and R* are independently selected from
the group consisting of hydrogen, halogen, hydroxy and
cyano.

The present invention further relates to a crosslinked poly-
mer obtainable according to the process according to the
present invention. The present invention further relates to a
membrane and an ionic resin comprising the crosslinked
polymer according to the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 compares the proton conductivity of a film accord-
ing to the present invention compared to a Nafion® mem-
brane (types 115 and 211).

DETAILED DESCRIPTION OF THE INVENTION

The verb “to comprise” as is used in this description and in
the claims and its conjugations is used in its non-limiting
sense to mean that items following the word are included, but
items not specifically mentioned are not excluded. In addi-
tion, reference to an element by the indefinite article “a” or
“an” does not exclude the possibility that more than one ofthe
element is present, unless the context clearly requires that
there is one and only one of the elements. The indefinite
article “a” or “an” thus usually means “at least one”.

The term “polymer” as used in this document is intended to
encompass homopolymers (i.e. polymers that constitute only
a single monomer) and copolymers (i.e. polymers that con-
stitute two or more monomers). The polymers may have a
linear, branched, hyperbranched, dendritic, dendronised or a
brush-type structure.
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The term “halogen” as used in this document represents the
elements fluorine, chlorine, bromine and iodine.

Alkyl groups and aryl groups (including phenyl groups)
may optionally be substituted, preferably with one or more
halogen atoms, wherein the halogen atoms are preferably
selected from the group consisting of fluorine, chlorine and
bromine atoms, most preferably chlorine and bromine, and
C,-C,, alkyl groups, wherein the alkyl groups may be linear
or branched. The alkyl groups are, however, preferably not
a-branched. The alkyl group may also comprise a cyclic
group, provided it comprises at least three carbon atoms. In
this document, the term “alkyl group” denotes C,-C, , alkyl
groups and the term “aryl group” denotes C,-C,, aryl groups.
The Process

In the compound according to Formula (1) or the com-
pound according to Formula (2), it is preferred that at least
one of R, R?, R? and R* is halogen or cyano, preferably
halogen. According to a more preferred embodiment, at least
two of R, R?, R® and R* are halogen or cyano, preferably
halogen. According to a yet even more preferred embodi-
ment, at least three of R', R?, R® and R* are halogen. Accord-
ing to a most preferred embodiment, all four of R*, R?,R> and
R* are halogen.

According to the present invention, it is preferred that
halogen is either chlorine or bromine, preferably chlorine.

The compounds according to Formula (1) are preferred
over the compounds according to Formula (II).

Preferably, the compound according to Formula (II) is
selected from the group consisting of 2,3-dichloro-5,6-dicy-
ano-cyclohexadiene-2,5-diene-1,4-dione (DDQ), 2,3,5,6-tet-
rachlorocyclohexa-2,5-diene-1,4-dione (chloranil), ora com-
bination thereof.

The arylene oxide polymer according to the present inven-
tion is preferably an arylene oxide polymer comprising an
arylene oxide group according to Formula (3):

R6
L
44< }o_
I
wherein:

R’ is selected from the group consisting of 3-pyridyl and
4-pyridyl groups, wherein R is at position 2 or 3 of the
arylene oxide group;
R® is selected from the group consisting of 3-pyridyl, 4-py-
ridyl and phenyl groups,
wherein RS is at position 5 or 6 of the arylene oxide group.
According to the present invention, it is preferred that the
arylene oxide group is substituted at one or two positions,
independently selected from positions 2, 3, 5 and 6, with a
halogen atom, a C4-C, , aryl group or a C,-C, , alkyl group.
It is preferred that R® is selected from the group consisting
of 3-pyridyl and 4-pyridyl groups. It is furthermore preferred
that R® and RS are a 3-pyridyl group.
Preferably, R is at position 2 of the arylene oxide group.
Also preferably, R® is at position 6 of the arylene oxide group.
The arylene oxide polymer according to the present inven-
tion has generally a number average molecular weight M, of
about 7,000 to about 300,000 and a weight average molecular
weight M, of about 15,000 to about 1,000,000.
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According to the present invention, a preferred class of
arylene oxide polymers comprising a 3-pyridyl and/or a 4-py-
ridyl group is a copolymer according to Formula (4):

@)

wherein:

R’ is selected from the group consisting of 3-pyridiyl and
4-pyridyl groups, wherein R> is at position 2 or 3 of the
arylene oxide group;

R is selected from the group consisting of 3-pyridiyl, 4-py-
ridyl and phenyl groups,

wherein RS is at position 5 or 6 of the arylene oxide group;
the arylene oxide group bearing R’ and R is optionally sub-
stituted at one or two positions, independently selected from
positions 2, 3, 5 and 6, with a halogen atom, a C4-C,, aryl
groups or a C,-C,, alkyl group; and one or two substituents
selected from the group consisting of R7, R®, R and R*° are
a phenyl group, whereas the other substituents selected from
the group consisting of R7, R®, R and R'° are selected from
the group of hydrogen, halogen and C,-C, , alkyl groups.

In this preferred class of arylene oxide polymers, it is
preferred that R® is selected from the group consisting of
3-pyridiyl and 4-pyridyl groups.

In this preferred class of arylene oxide polymers, it is also
preferred that R® and RS are a 3-pyridyl group.

In this preferred class of arylene oxide polymers, it is also
preferred that R is at position 2 of the arylene oxide group. It
is also preferred that R® is at position 6 of the arylene oxide
group.

According to the present invention, R® and R® are prefer-
ably independently selected from the group of phenyl groups.

According to the present invention, R” and R*® are prefer-
ably selected from the group of hydrogen, halogen, C,-C,,
aryl groups and C,-C,, alkyl groups.

The present invention also relates to a crosslinked polymer
obtainable according to the process according to the present
invention.

The present invention further relates to a membrane and an
ionic resin comprising this crosslinked polymer.

The present invention also relates to a membrane electrode
assembly comprising the crosslinked polymer.

EXAMPLES
Example 1

10 g of a solution of 10 wt. % poly(4-vinylpyridine) in
NMP (N-Methyl-2-pyrrolidone) was mixed with 5 g of a
solution of 2 wt. % 2,3,5,6-tetrachlorocyclohexa-2,5-diene-
1,4-dione (chloranil) in NMP at ambient temperature under
vigorous stirring for five seconds. After twenty seconds, the
mixture was cast using a 500 um doctor blade on a polytet-
rafluoroethylene film support to obtain a crosslinked film.
The film was consolidated for 30 minutes, where after the
NMP was removed and the film was washed with water to
remove any residual NMP and subsequently dried (100° C.,
15 minutes) which gave a film having a thickness of 35 pm.
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Example 2

A solution of 10 mmol 2-methyl-pyridine in 10 ml DMSO
(Dimethylsulfoxide) was treated with 3 mmol chloranil at
ambient temperature. No reaction occurred, not even after
two weeks as was established by 'H NMR.

Example 3

Example 1 was repeated but with poly(2-vinylpyridine)
instead of poly(4-vinylpyridine) and with a solution of 10
wt. %  2,3,5,6-tetrachlorocyclohexa-2,5-diene-1,4-dione
(chloranil) in NMP, to make a solution with a 10:1 wt. ratio of
polymer to chloranil. No gelling or even a viscosity increase
was observed, even not after two weeks.

Example 4

A solution of 1 g 1.4-poly[2,6-(3-pyridyl)phenylene oxide;
prepared according to the method disclosed in Example 1 of
WO 2009/096786] in 4 g NMP and a solution of 1 g 2,3,5,6-
tetrachlorocyclohexa-2,5-diene-1,4-dione (chloranil) in 9 g
NMP were prepared. An amount of 0.5 g of the polymer
solution was mixed with 0.2 g of the chloranil solution at
ambient temperature. After 30 s, the mixture was cast using a
250 um doctor blade on a polytetrafluoroethylene film sup-
port to obtain a crosslinked film. The film was consolidated
for 30 minutes, where after the NMP was removed and the
film was washed with water to remove any residual NMP and
subsequently dried (100° C., 15 minutes) which gave a film
having a thickness of 50 um.

Example 5

Example 4 was repeated. The film was, however, consoli-
dated for 100 seconds at 160° C.

Example 6

The film according to Example 4 was subjected to proton
conductivity measurements at various relative humidities.
The film was first immersed for 5 seconds in 85% phosphoric
acid, then conditioned at 180° C. for 1 h to obtain a dried film.
The measurements were conducted in a Fumatech MK3 pro-
ton conductivity instrument coupled with a Gamry Reference
600 potentiostat/galvanostat ZRA. The film according to the
present invention was also compared with a Nafion® mem-
brane (types 115 and 211) at a relative humidity of 95%. All
membranes had the same thickness (50 nm). The results are
shown in FIG. 1. If the Nafion® membrane was not hydrated,
hardly any conductivity was observed. The need for using
hydrated Nafion® membranes limits its applicability to rela-
tive low temperatures which is undesirable in many applica-
tions.

The invention claimed is:

1. A process for crosslinking an arylene oxide polymer
comprising a 3-pyridyl and/or a 4-pyridyl group, the process
comprising reacting the polymer with a compound according
to Formula (1) or a compound according to Formula (2):
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wherein R*, R%, R® and R* are independently selected from
the group consisting of hydrogen, halogen, hydroxy and
cyano.

2. The process according to claim 1, wherein the arylene
oxide polymer comprising a 3-pyridyl and/or a 4-pyridyl
group is reacted with 2,3-dichloro-5,6-dicyano-cyclohexadi-
ene-2,5-diene-1,4-dione (DDQ), 2,3,5,6-tetrachlorocyclo-
hexa-2,5-diene-1,4-dione (chloranil), or a combination
thereof.

3. The process according to claim 1, wherein the arylene
oxide polymer comprising a 3-pyridyl and/or a 4-pyridyl
group is a polymer comprising an arylene oxide group
according to Formula (3):

1
<

R’ is selected from the group consisting of 3-pyridyl and
4-pyridyl groups, wherein R is at position 2 or 3 of the
arylene oxide group;

&)

wherein:

R¢is selected from the group consisting of 3-pyridyl, 4-py-
ridyl and phenyl groups, wherein R® is at position 5 or 6
of the arylene oxide group.

4. The process according to claim 3, wherein the arylene
oxide group is substituted at one or two positions, indepen-
dently selected from positions 2, 3, 5 and 6, with a halogen
atom, a C4-C,, aryl group or a C,-C, , alkyl group.

5. The process according to claim 3, wherein R is selected
from the group consisting of 3-pyridyl and 4-pyridyl groups.

6. The process according to claim 3, wherein R> and R® are
a 3-pyridyl group.

7. The process according to claim 3, wherein R® is at
position 2 of the arylene oxide group.

8. The process according to claim 3, wherein R° is at
position 6 of the arylene oxide group.

9. The process according to claim 3, wherein the arylene
oxide polymer comprising a 3-pyridyl and/or a 4-pyridyl
group is a copolymer according to Formula (4):
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wherein:

R? is selected from the group consisting of 3-pyridiyl and
4-pyridyl groups, wherein R is at position 2 or 3 of the
arylene oxide group;

RS is selected from the group consisting of 3-pyridiyl,
4-pyridyl and phenyl groups, wherein R® is at position 5
or 6 of the arylene oxide group;

the arylene oxide group bearing R> and R® is optionally
substituted at one or two positions, independently
selected from positions 2, 3, 5 and 6, with a halogen
atom, a C4-C, , aryl groups or a C, -C, , alkyl group; and

one or two substituents selected from the group consisting
of R7, R®, R? and R'° are a phenyl group, whereas the
other substituents selected from the group consisting of

8

R’,R®, R® and R'° are selected from the group of hydro-
gen, halogen and C,-C, , alkyl groups.

10. The process according to claim 9, wherein R> is
selected from the group consisting of 3-pyridiyl and 4-pyridyl
groups.

11. The process according to claim 9, wherein R®> and RS
are a 3-pyridyl group.

12. The process according to claim 9, wherein R® is at
position 2 of the arylene oxide group.

13. The process according to claim 9, wherein R® is at
position 6 of the arylene oxide group.

14. The process according to claim 9, wherein R® and R®
are independently selected from the group of phenyl groups.

15. The process according to claim 9, wherein R” and R*©
are selected from the group ofhydrogen, halogen, C4-C,, aryl
groups and C,-C, , alkyl groups.

16. A crosslinked polymer obtainable according to the
process of claim 1.

17. A membrane comprising the crosslinked polymer
according to claim 16.

18. An ionic resin comprising the crosslinked polymer
according to claim 16.
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